Previous studies, based on thin-layer electrochemistry (TLE), in situ scanning tunneling microscopy (EC-STM), high-resolution electron energy loss spectroscopy (HREELS) and density functional theory (DFT) computations, on the chemical adsorption of hydroquinone from aqueous solutions onto atomically smooth Pd (and Pt) electrode surfaces indicated two modes of attachment that depended upon the solution concentration. At low activities, the diphenol was oxidatively chemisorbed as benzoquinone in a flat orientation, suggestive of a Pd(2,3,5,6-η-C 6 H 4 O 2 ) surface complex; at higher concentrations, vertical chemisorption was effected via two C-H bond activations (or metalations) at the 2 and 3 ring positions, evocative of an o-phenylene organopalladium compound. We have extended the work to 2,3-dimethyl-1,4-dihydroxybenzene on Pd( pc) and Pd(111) electrodes to probe the effect of two methyl substituents on only one side of the diphenol ring. Surface coverage and adsorbed-molecule cross section data from TLE and HREELS measurements revealed non-random concentration-dependent adsorbate orientations similar to the oxidative chemisorption of hydroquinone: flat at low concentrations and edgewise at elevated concentrations. The DFT results suggested that, for the flat structure, surface coordination is via the two double bonds of the quinone ring as in [Pd(2, 3, 5, . For the edge-vertical orientation, a structure analogous to an o-phenylene compound is generated in which C-H bonds at the 5 and 6 ring positions are activated and then metalated. DFT-simulated HREELS spectra helped identify the observed peaks that distinguish the surface-coordinated quinone from the surface-metalated diphenol.
Introduction
We have long held a keen interest in the use of constructs from coordination and organometallic chemistry to describe the interaction of organic compounds with transition-metal electrode surfaces. [1] [2] [3] [4] [5] In early work based on thin-layer electrochemistry (TLE), the chemisorption of fifty-odd aromatic and quinonoid compounds on atomically smooth (flame-annealed) polycrystalline platinum electrodes [6] [7] [8] [9] [10] were characterized primarily in terms of absolute surface coverages (Γ mol cm −2 ) and adsorption isotherms [Γ vs. log(C°), where C°is the concentration of the adsorbate in solution]. For homocyclic compounds that had at least two adjacent C-H bonds, the isotherms invariably consisted of two constant-Γ plateaus: a lower one at C°≤ 0.1 mM, and an upper plateau at C°≥ 1 mM. For a better perspective, Γ may be expressed in terms of σ (Å 2 per molecule), the adsorbed-molecule cross section; σ = 10 16 (N A Γ) −1 , where N A is Avogadro's number. A σ vs. log(C°) isotherm then represents the concentration-dependence of the area on the surface that is occupied by a chemisorbed molecule. Hence, σ is large when adsorption is from lower concentrations; small if from higher concentrations. Comparison of σ exp with σ calc for all possible aromatic configurations 11 allows the assignment of a specific orientation to a constant-σ (constant-Γ) plateau. Hence, the isotherm for 1,4-dihydroxybenzene indicated that, at C°≤ 0.1 mM, the compound was oriented parallel to the surface (σ exp = 52.7 Å 2 and σ calc = 53.8 Å 2 ); at C°≥ 1 mM, it was oriented edgewise at the 2,3 side (σ exp = 27.9 Å 2 and σ calc = 28.6 Å 2 ).
It was later observed, based on additional TLE evidence, such as a chemisorption-induced cathodic shift in the rest potential and a Faradaic H 2 -oxidation charge, that the chemisorption process was oxidative. That is, upon adsorption in the a flat orientation, 1,4-dihydroxybenzene was oxidized to 1,4-benzoquinone accompanied by the release of H 2 ; it should be noted that σ calc for 1,4-dihydroxybenzene is essentially the same as for 1,4-benzoquinone. Chemisorption in the edgewise orientation was likewise found to be oxidative accompanied by generation of H 2 . Subsequent infrared absorption-reflection spectroscopy (IRRAS) showed hydrogen-bonded -OH stretch peaks in the vertically oriented species;
11 these results were used as evidence for the formation, not of an edge-adsorbed pquinone, but of a 2,3-edge-bonded 1,4-diphenol. The adsorption of the diphenolic and quinonoid compounds was determined to be irreversible: [1] [2] [3] [4] [5] The above studies provided the impetus for an extensive search of the rich organometallic literature for compounds that could serve as molecular models for the postulated adsorbed-aromatic orientations. Illustrative examples are shown in Fig. 1 [1] . Over the past two decades, the viability of the analogy between adsorbate orientation and molecular structure, as exemplified in Fig. 1 , has been reinforced by extended studies that employed modern surface-sensitive physical and analytical techniques such as high-resolution electron-energy loss spectroscopy (HREELS), 12 in situ scanning tunneling microscopy, 13 Auger electron spectroscopy (AES) 14 and differential electrochemical mass spectrometry (DEMS); 15 computational work was also pursued by density functional theory. 16 We have expanded our surface organometallic chemistry investigations to include polycrystalline ( pc) and single-crystal (hkl) palladium electrode surfaces. 12, 13, 16 
Experimental
Thin-layer electrochemistry 17 is a well-documented, highly reliable and widely adopted technique in the study of the solid-electrolyte interface since the ratio of surface area (A) to solution volume (V) is nominally four orders of magnitude larger than in typical EC cells. Surface processes are thus magnified relative to those in solution; in addition, the absence of diffusional mass transport minimizes surface contamination from the bulk solution and allows the isolation of reaction products for subsequent analysis. The use of TLE to generate the empirical Γ vs. log(C°) isotherms, along with the algorithm to calculate σ calc , 18 has been detailed elsewhere 6-10,17,18 and will not be repeated here.
A commercially oriented and metallographically polished Pd(111) single crystal of 99.999% purity (MSEN Cornell University, Ithaca, NY) was used in the ultrahigh vacuum (UHV) experiments. 3, 5, 15 Prior to first use, it was cleaned by multiple cycles of Ar + -ion bombardment, thermal oxidation in 10 −6 Torr O 2 , and high-temperature annealing (1020 K). Before each measurement, the crystallinity of the (111)-surface was verified by low-energy electron diffraction (LEED), and its surface cleanliness was established by AES. The highly pure polycrystalline Pd billet that was used in the TLE experiments was metallographically polished. Between experiments, the electrode was flame-annealed to maintain surface smoothness and then, to ensure surface cleanliness, subjected to oxidationreduction cycles in 1 M H 2 SO 4 between the hydrogen-evolution and oxygen-evolution regions. [6] [7] [8] [9] [10] HREELS was performed in an all-stainless-steel apparatus that was also equipped with LEED and AES for surface characterization 3, 5 prior to the chemisorption and HREELS experiments. An LKT spectrometer (LK Technologies, Bloomington, IN) was used with a beam energy of 4 eV, primary beam rate at 1.7 × 10 5 Hz (cps), and a resolution of 4.8 meV (38 cm −1 ); spectra were collected only in the specular direction, 62°from the surface normal. Extraction of surface-coverage information from HREELS requires the normalization of integrated peak intensities to compensate for differences in the backscattered electron flux brought about by the organic adlayer. A common procedure rests on a match of the elastic-peak heights, but it fails for organic adsorbates which introduce surface roughness that result in a higher stream of inelastically scattered electrons. A more accurate method, adopted in this study, is based on the equalization of the incident electron beam currents which is attained only when the background intensities integrated over a peak-free spectral region (2100 to 2700 cm −1 )
are set equal to one another. 19 Γ is directly proportional to the properly normalized integrated area (A N ) under a prominent and well-isolated HREELS peak. 
Computational method
In contrast to ab initio methods, density functional theory simplifies the solution of the time-independent Schrödinger equation by an approximation of the ground-state electron density (ρ) in the Hohenberg-Kohn formulation of the wavefunction, molecular energy, and other ground-state properties of the system. 20 In DFT, the external potential of a system can be obtained directly from ρ; hence, all properties of the system derived from the Schrödinger equation can be determined using ρ. The ground-state total energy (E t ) of the system can thus be calculated based on the electron density: plane-wave basis set was adopted to represent the wavefunctions, and Vanderbilt-type pseudopotentials were employed to describe the external potential of the periodic system as well as allow computations at lower cutoff energies. Minimization of the total energy with respect to changes in geometry is the crux of this approach: the lowest-energy state is the most probable structure. In the calculations, geometry optimization was performed with a cutoff energy of 450 eV and with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method as the energy minimization algorithm. The Monkhorst-Pack grid and Fermi smearing were set to (3 × 3 × 1) and 0.1 eV, respectively. As a standard for convergence, the tolerance in energy, force, and displacement were 1.0 × 10 −5 eV atom −1 , 0.03 eV Å −1 , and 0.001 Å, respectively. All parameters were sufficient to attain a reasonable convergence in the determination of the optimized structure and the total energy. 13, [26] [27] [28] A (3 × 3) supercell was used in the calculations to model the adlattice structures on the Pd(111) surface. A metal slab consisting of four layers of Pd atoms, where only the upper two Pd layers were allowed to relax, represented the Pd(111) surface. A vertical vacuum space of ca. 15 Å separated the metal slab from its periodic images 13, [26] [27] [28] and the adsorbed molecules were placed in this vacuum space. A slab model was used since it overcomes many of the difficulties faced in cluster models.
29,30
The adsorption energy (E ads ) determines the relative stabilities of the adsorption structures and is defined as:
where E M-A , E A and E M , respectively, correspond to the total energies of the surface organometallic compound, the unadsorbed species, and the clean (111) metal surface. The most favorable structure is identified by the lowest E ads . Vibrational frequencies were calculated from the (Hessian) matrix of Cartesian second derivatives of a periodic or molecular system; 31, 32 in this study, the finite-displacement method 32 was employed to calculate the vibrational frequencies and vibrational states in the interfacial system.
Results and discussion
The Γ vs. log(C°) chemisorption isotherm of 2,3-dimethylhydroquinone on a Pd( pc) electrode is shown in Fig. 2 HREELS spectra of a Pd(111) electrode surface emersed from 0.05 mM, 0.5 mM and 5 mM solutions of the subject compound are displayed in Fig. 3 . The notable peaks that are common to all three spectra are at 2969, 1429, 1223, and 611 cm −1 . The first three correspond to methyl-group vibrations, respectively, C-H stretch, C-C stretch, and C-H bend; the peak at 611 cm −1 represents the aromatic out-ofplane C-H bend, γ(CH). For the present study, only γ(CH), was selected for the surface coverage determinations because the other modes are associated with the methyl groups, and are essentially insensitive to orientation effects. The areas under the peaks were obtained by valley-to-valley baseline integration via Origin software (OriginLab, Northampton, MA, USA). The normalized areas (A N ) can be converted to surface concentrations (Γ) by the relationship Γ HREELS = kA N , where k is a cali- 
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This journal is © The Royal Society of Chemistry 2014 It may be noted that, while an edge-attached diphenol supposedly exists on the surface at higher coverages, there is no evidence in the HREELS spectra for the presence of the -OH group. The reason for this is unclear. It should just be pointed out that, for 2-mercapto-1,4-diphenol which, on Pd, is attached through the -SH group with the diphenol moiety intact and pendant, as evidenced by its reversible quinone/diphenol redox reaction, no HREELS-active -OH stretch was seen at potentials where only the diphenol existed; but, at potentials where only the quinone would be present, a prominent CvO peak was observed. 5 In other words, the absence of an -OH peak for edge-adsorbed 2,3-dimethylhydroquinone does not necessarily indicate a quinone since a CvO peak was not observed either. This issue needs to be investigated further by other surface spectroscopic methods. Several possible adsorption sites and structures of 2,3-dimethyl-1,4-benzoquinone (Fig. 4) were modeled and geometrically optimized by DFT. Holl, Bri, and Atop represent structures in which the quinone ring is centered on three-fold hollow, two-fold bridge, and atop sites, respectively; 0 and 30 correspond to the angle of the compound's peripheral C-H, CvO, or C-CH 3 bonds relative to the [110] direction of the metal substrate. In some structures, there are two possible locations for the carbonyl oxygen; these are labeled A and B to differentiate the two geometries. The calculated adsorption energies of the structures in Fig. 3 are presented in Table 1 . Bri-30-B was found to have the most negative adsorption energy (−0.70 eV) and is thus considered as the most favorable surface organometallic structure. Fig. 5 shows the optimized structure of 2,3-dimethyl-1,4-benzoquinone chemisorbed parallel to the surface. Close inspection reveals that, similar to those found for benzene, p-benzoquinone, and p-benzoquinone sulfonate, the peripheral bonds of the quinone ring are bent away from the surface, but the ring itself is not tilted; 13, 26, 28 the aromatic molecule remains bonded to the surface through the two double bonds of the quinone. Perhaps due to the presence the comparatively bulkier methyl groups, C-CH 3 bonds are bent farther from the surface than the C-H bonds. Fig. 6 shows the optimized structure of (5,6-η)-o-phenylene organopalladium, the DFT-generated model for the edgeoriented diphenol. It is the sole energetically stable structure at this orientation, and the molecule is centered on a bridge site. It is important to emphasize that only the C-H bonds in the ring are activated and metalated, since such processes via the methyl C-H bonds yield highly unstable surface structures. This also helps explain why tetramethyl-1,4-dihydroxybenzene does not yield edge-adsorbed surface organometallic compounds. 1 The calculated vibrational spectra for the flat-adsorbed quinone and edge-oriented diphenol are shown in Fig. 7 and 8, respectively. The most notable difference between the two is that the highest vibrational frequency associated with a carbon-carbon bond is 1458 cm −1 for the flat-adsorbed quinone, but it is almost 200 cm −1 higher for the edgeoriented diphenol. The former represents a dipole-active C Quinone -C Methyl stretch vibration while the latter typifies an aromatic-ring breathing (in-plane CvC stretch) mode. Experimental validation is afforded by the HREELS spectra in Fig. 3 which indicate that the area under the peak at ca. 1700 cm −1 is much higher for chemisorption at 5 mM than at 0.5 mM, and that it is non-existent at 0.05 mM. This behavior is rationalized by the metal-surface dipole selection rule which states that only vibrations normal to the surface are HREELSactive: 32 The quinone-ring breathing mode is parallel to the surface for the flat-adsorbed molecule and is HREELS-inactive; it becomes HREELS-active in the vertical diphenol orientation since the aromatic-ring breathing mode is now perpendicular to the surface.
Summary
The chemisorption of 2,3-dimethyl-1,4-dihydroxybenzene from aqueous sulfuric acid solution onto Pd( pc) and Pd(111) electrode surfaces has been investigated by thin-layer electrochemistry, high-resolution electron energy loss spectroscopy, and density functional theory. When chemisorption was from low concentrations, the diphenol was oxidatively adsorbed as the quinone in the flat orientation, analogous to a (2,3,5,6-η)-2,3-dimethyl-p-quinone palladium complex. At elevated concentrations, chemisorption was also oxidative but in the edge-vertical orientation, similar to a (5,6-η)-o-phenylene organopalladium compound in which the C-H bonds at the 5 and 6 ring positions are activated and palladium-surfacemetalated. View Article Online
